Introduction
============

Ribulose-1, 5-bisphosphate (RuBP) carboxylase/oxygenase (Rubisco) activase (RCA) is a member of the AAA^+^ (ATPases associated with a variety of cellular activities) family ([@bib27]). It activates Rubisco that catalyses the first reaction in photosynthetic CO~2~ assimilation ([@bib40]). Recently, enhanced thermostability of RCA has been shown to improve photosynthesis and growth under moderate heat stress ([@bib20]). [@bib36] proposed that RCA may be an important factor determining the response of boreal plants to global warming based on studies with the dominant species in the boreal forest of North America. Thus, engineering crops with RCA of high resistance to stresses represents an important option to increase photosynthetic efficiency.

In some plant species, RCA has two isoforms of 41--43 kDa and 45--46 kDa, both of which are encoded by the same nuclear gene that produces two transcripts via alternative splicing ([@bib38]; [@bib48]). However, barley has another gene encoding only a single and divergent 41 kDa isoform ([@bib35]) and cotton contains multiple genes ([@bib22]). The larger isoform of RCA has a unique extension containing cysteine residues at the C-terminus. Usually, RCA is a soluble protein localized in the chloroplast stroma of algae and higher plants, and requires ATP hydrolysis to remove inhibitory sugar phosphates from the active site of Rubisco so as to cause Rubisco to exhibit its maximal catalytic activity *in vivo* ([@bib29]). On the other hand, RCA is inhibited by ADP. Thus, RCA is sensitive to the stromal ATP/ADP level ([@bib32]; [@bib16]). According to the model of RCA activation of Rubisco ([@bib30]), ATP provides energy for both movement of RCA subunits to Rubisco and formation of a RCA--Rubisco supercomplex, and Rubisco is encircled by a ring containing 16 (or possibly eight) RCA subunits. However, the stromal ATP/ADP ratio under steady-state conditions does not vary greatly with light intensity ([@bib3]). Moreover, light and photosynthetic electron transport are required for full activation of Rubisco by RCA in lysed chloroplasts even when ATP is supplied exogenously at saturating concentrations ([@bib4]). Recently, more evidence indicates that light modulation of RCA is controlled by the redox state of thioredoxin-f via the critical cysteine residues of the C-terminal extension in the larger RCA isoform ([@bib51]; [@bib31]). However, this regulatory mechanism is unable to explain the dependence of Rubisco activation on light intensity in some plant species, such as tobacco, in which the larger isoform of RCA is absent. Thus, the basic molecular mechanism of how RCA is regulated in the activation of Rubisco *in vivo* is not completely clear.

Several reports demonstrated that both electron transport and a pH gradient (ΔpH) across the thylakoid membrane (TM) are required for light activation of Rubisco, and the TM may be directly involved in the light activation of Rubisco by RCA ([@bib4]). Moreover, an increase in the amount of RCA bound to the TM (TM--RCA) was detected under moderate heat treatment (42 °C) which reduced the activity of Rubisco ([@bib34]; [@bib50]; [@bib11]). The physiological significance of RCA bound to the TM is suggested to be important in protecting the thylakoid-associated translation machinery against heat inactivation ([@bib34]). However, [@bib37] suggested that the appearance of RCA in the TM fraction is due to the self-aggregation of thermally denatured RCA. Whether the association of RCA with the TM exists is not yet very clear. Moreover the existence of RCA in the TM fraction of control leaves ([@bib34]) may suggest another possible role for TM--RCA in non-heat-stressed leaves if it is not caused by a partial insolubilization of RCA.

In this study, the amount of RCA in the TM fraction was examined in a variety of leaves without moderate heat stress and it was shown that the amount of TM--RCA varied dramatically under different environment conditions and at different leaf developmental stages. Using both *in vivo* and *in vitro* analyses, it was further demonstrated that the association of RCA with the TM without heat stress is reversible, and is ATP and pH (or ΔpH) dependent. In addition to the previously discovered role in the protection and regulation of photosynthesis under heat stress we propose a model is proposed to describe the potential role of reversible association of RCA with TM in regulation of Rubisco activation.

Materials and methods
=====================

Plant growth
------------

Pot-grown rice (*Oryza sativa* L. cultivar *japonica* 9522), *Δlut*, a rice mutant in which the gene encoding carotenoid isomerase was mutated ([@bib9]), and tobacco (*Nicotiana tabacum*) plants were grown at a photosynthetic photon flux density (PPDF) of 500 μmol m^−2^ s^−1^ with a 12 h light/12 h dark cycle, 28 °C/20 °C (day/night), and 60--70% humidity in a phytotron. Spinach (*Spinacia oleracea* L.) and chili pepper (*Capsicum frutescens* L.) plants were grown in the field.

Sampling and treatment of rice plant
------------------------------------

For experiments on different developmental stages, all rice leaves were collected at 10 am in the light. One-, 2- and \>4-week-old leaves were collected from rice at the booting, heading, and filling stages, respectively.

For all the experiments examining different environmental conditions and genotypes, the 4-week-old flag leaves at the filling stages were used. For the experiment involving different sampling times, leaves were collected in the daytime (10 am in the light) and at night (10 pm in the dark); for the experiments involving high CO~2~ (1000 μmol mol^−1^) and very low light (30 μmol m^−2^ s^−1^, near the light compensation point) treatments, the rice grown in pots was transferred into a NK system Biotron (NC type, Nippon medical and chemical instruments Co. Ltd. Osaka, Japan) at 28 °C and 60--70% humidity for ∼12  h, then the flag leaves were collected in the Biotron in the light, and leaves of rice grown in pots in the phytotron were used as the control.

Leaves of rice plants for each experiment were collected from at least three pots to minimize the influence of different growth conditions among pots.

Measurements of leaf photosynthesis
-----------------------------------

The measurements of net photosynthetic rate (Pn) were made *in situ* using a portable LI-6400 photosynthetic gas analysis system (LI-COR, USA). For the measurements, CO~2~ concentration and light intensity were controlled under their growth conditions with the LI-COR CO~2~ injection system and by a LI-COR LED irradiation source. To produce the curve of light-saturated Pn versus the intercellular CO~2~ concentration (Ci), Pn values were measured at CO~2~ concentrations of 240, 180, 120, 60, 380, 580, 750, 900, 1050, and 1200 μmol CO~2~ mol^−1^ in turn, and the PPFD was kept at 1200 μmol m^−2^ s^−1^ during the measurement. Both the maximum carboxylation rate (*V*~cmax~) and the maximum electron transport rate (*J*~max~) values were calculated from Pn/Ci curve data according to [@bib10] and [@bib44].

Measurements of chlorophyll (Chl) content
-----------------------------------------

Chl contents of leaves were determined spectrophotometrically according to [@bib1].

Measurements of Rubisco activity
--------------------------------

Total soluble protein was rapidly extracted from liquid N~2~-frozen leaves with a CO~2~-free buffer containing 50 mM TRIS-HCl (pH 7.8), 1 mM EDTA, 50 mM NaCl, and 2 mM β-mercaptoethanol. The extract was then centrifuged at 12 000 *g* and 4 °C for 6 min, and the obtained supernatant was used immediately for Rubisco activity measurements.

Rubisco initial activity was measured immediately using the supernatant mentioned above, while its total activity was determined after full activation. In the present study the oxygenase activity of Rubisco was determined as the indicator of Rubisco activity. The oxygenase activity of Rubisco was measured with a Clarke-type O~2~ electrode according to the method described by [@bib7].

Measurements of Chl fluorescence
--------------------------------

Chl fluorescence was monitored with a modified PAM-2000 fluorometer (Walz, Effeltrich, Germany) as described by [@bib13]. After a 30 min dark adaptation, continuous actinic light (growth light intensity) was applied. *F*~o~ and *F*~m~ are defined as the minimum photosystem II (PSII) fluorescence yield in dark-adapted leaves and the maximum PSII fluorescence yield reached during a saturating pulse of white light, respectively. PSII potential or maximal photochemical efficiency is the ratio *F*~v~/*F*~m~, where *F*~v~ is the variable part of the fluorescence emission and is equal to *F*~m~--*F*~o~. The effective photochemical efficiency of PSII (Φ~PSII~) is defined as (*F*~m~′--*F*)/*F*~m~′ as proposed by [@bib12]. Non-photochemical quenching (NPQ) is quantified by *F*~m~/*F*~m~′--1 ([@bib43]).

The redox change of P700 was monitored by absorbance at 810 nm minus that at 830 nm, using a Dual-PAM-100 fluorometer (Walz, Effeltrich, Germany), and the initial rate of P700^+^ reduction following far-red light (\>705 nm, 5.2 μmol m^−2^ s^−1^) was calculated after a 40 s illumination that allowed the oxidation of P700 to a steady state ([@bib18]).

Measurements of millisecond-delayed light emission of Chl fluorescence (ms-DLE)
-------------------------------------------------------------------------------

Measurements of ms-DLE were carried out using a phosphoroscope according to the method described by [@bib45]. The leaf discs were collected in the light and dark adapted at the same temperature, and were immediately inserted into the sample cell to measure the ms-DLE. The light intensity was controlled at their growth conditions.

Extraction and purification of RCA and Rubisco
----------------------------------------------

The leaves of rice and spinach detached from the plants in the light were immediately frozen with liquid N~2~. RCA was purified from the frozen leaves according to [@bib33]. The obtained RCA was then filtrated through a column of antibody against Rubisco from tobacco to remove the contaminating trace amount of rice Rubisco. The antibody column was prepared using protein A--Sepharose CL-4B (Sigma, USA) according to the method described by [@bib14]. Rubisco was purified according to the methods described by [@bib19]. The purified RCA was preserved in liquid N~2~, while the purified Rubisco was preserved in a suspension containing 65% saturated (NH~4~)~2~SO~4~. The concentration of proteins was determined according to [@bib2].

Isolation of thylakoids
-----------------------

Thylakoids were isolated from rice leaves according to the method described by [@bib6]. All extract solutions contained 1 mM phenylmethylsulphonyl fluoride (PMSF; Sigma, USA), and all steps were performed at 4 °C. The isolated thylakoids were stored at --40 °C.

Blue-Native-polyacrylamide gel electrophoresis (BN-PAGE)
--------------------------------------------------------

BN-PAGE was performed as described by [@bib39] and all steps were carried out on ice. Briefly, the TM (0.5 mg Chl ml^−1^) from rice leaves was suspended in BTH buffer (25 mM BIS-TRIS-HCl, pH 7.0, 20% glycerol). Subsequently, the TM was collected by centrifugation (at 18 000 *g* and 4 °C for 2  min), and the obtained pellets were dissolved in BTH buffer containing 1% (w/v, final concentration) dodecylmaltoside (DM) with gentle shaking for 30 min. Non-solubilized membranes and aggregates were removed by centrifugation (at 20 000 *g* and 4 °C for 30 min), the supernatant was transferred to a new tube, mixed with BN sample buffer, and loaded onto a BN-gel (BN: 5--13.5% acrylamide) using a Protean II electrophoresis system (Bio-Rad, USA). BN-polyacrylamide gels contained a 4% acrylamide stacking gel. The electrophoresis unit was chilled to 4 °C.

For electrophoresis in the second dimension, a slice of the BN-gel lane was cut and treated with SDS--PAGE loading buffer at room temperature for \<10 min without shaking. The treated gel slice was used for the second dimensional SDS--PAGE using a 10% running gel at room temperature. After electrophoresis, the gel was stained with Coomassie Brilliant Blue or analysed by western blotting.

Assay for determining the proportion of TM--RCA
-----------------------------------------------

Total and TM proteins of rice leaves were extracted from the frozen leaves and isolated thylakoids with extraction buffer B \[25 mM TRIS-HCl, pH 7.8, 1 mM EDTA, 5 mM MgCl~2~, 1% (w/v) SDS, 2 mM β-mercaptoethanol\] by incubating at 100 °C for 3--5 min. The extracts were centrifuged at 12 000 *g* and 4 °C for 10 min, and the obtained supernatant was preserved for SDS--PAGE.

Total and TM proteins were separated by 10% SDS--PAGE as described by Kim *et al.* (1993) in the absence and presence of 4 M urea, respectively. For western blot, proteins separated electrophoretically were transferred to a nitrocellulose membrane (Amersham Pharmacia, Milton Keynes, UK) within a semi-dry transfer cell (Amersham Pharmacia) and detected with antibodies raised against RCA from tobacco leaves. For quantification of Rubisco and RCA, the bands from SDS--PAGE (Rubisco) and western blots (RCA) were analysed by Labworks 4.6 software (USA). Rubisco and RCA amounts were expressed on a leaf area basis and each loaded sample contained 1--2 μg of Chl. The quantification of the TM--RCA/total RCA ratio was obtained through a western blot of TM--RCA and a series of dilutions of total RCA on one gel. The absolute value of TM--RCA and total RCA in control leaves (4-week-old flag leaves) was quantified through a western blot of TM--RCA (or total RCA) and a series of dilutions of purified RCA from spinach on one gel ([Supplementary Figure S1](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1) available at *JXB* online).

Treatments of thylakoids with different levels of ATP and different pH values
-----------------------------------------------------------------------------

Thylakoids isolated from rice leaves (\<2 weeks old) were incubated at 25 °C for 20 min in buffer A (25 mM Tricine, pH 7.8, 10 mM NaCl, 5 mM MgCl~2~, 10 mM NaF, 1 mM PMSF, 0.4 M sucrose) containing different concentrations of ATP. Subsequently, the TM was collected by centrifugation (at 10 000 *g* and 4 °C for 10 min), and the obtained pellets were washed and dissolved twice in buffer A. The TM was also incubated buffer A with a series of different pH values at 25 °C for 20 min. Then the TM was collected again according to the method described above. The sample of TM with a Chl content of 0.4 mg ml^−1^ was preserved, and the amount of TM--RCA in the sample was analysed by SDS--PAGE and western blot.

Rubisco activation in the presence of TM
----------------------------------------

Rice Rubisco was deactivated by adding excess RuBP in a CO~2~-free assay, and incubated with the mixture of RCA and the TM of rice in buffer A containing 1 mM ATP at 25 °C for 20 min. Activated Rubisco, rather than deactivated Rubisco, from rice leaves was used as control. In this assay 0.1 mg ml^−1^ RCA, 0.2 mg ml^−1^ Rubisco, 0.1 mM RuBP, and TM containing 0.2 mg Chl ml^−1^ were used. Thereafter the TM was collected according to the method described above, and the amount of TM--RCA was analysed by SDS--PAGE and Western blot.

Rice RCA, rice TM, and Rubisco from rice, spinach, tobacco, and chili pepper were used in this experiment.

Measurements of the fluorescence intensity of 1-anilinonaphthalene-8-sulphonic acid (ANS) binding to RCA
--------------------------------------------------------------------------------------------------------

Samples of purified RCA (80 μg ml^−1^) and Rubisco (80 μg ml^−1^) from spinach were mixed well in the presence of 2 mM or 25 μM RuBP, then the mixture was incubated with different levels of ATP for 30 min. Afterwards, ANS solution mixed well with 0.1 M phosphate buffer (pH 7.4) was added (ANS final concentration 40 μM). After 15 min in the dark, the fluorescence intensity of ANS binding to RCA was measured with a 970 CRT fluorescence spectrophotometer (Shanghai Analytical Instrumental Plant, China) at room temperature according to the method described by [@bib46]. Fluorescence emission spectra excited by light with a wavelength of 380 nm were recorded between 400 nm and 600 nm.

Statistical analysis
--------------------

Statistical analysis of all data was performed by the software SPSS 10.0 (SPSS Inc., USA). A least significant difference (LSD) test of one-way analysis of variance (ANOVA) was performed in a *post-hoc* comparison of means among the data of rice leaf gas exchange and Chl fluorescence measurements. Differences were considered significant only at *P* \<0.05. All graphs presented herein were produced using the software SigmaPlot 9.0 (SPSS Inc., USA).

Results
=======

Existence of RCA on the TM from rice leaves without moderate heat stress
------------------------------------------------------------------------

In order to confirm the existence of RCA on the TM without moderate heat stress, RCA on the TM was investigated using western blots of two-dimensional BN-PAGE/SDS--PAGE ([Fig. 1](#fig1){ref-type="fig"}). In order to reduce the self-aggregation of thermal denatured RCA, all steps, including the preparation of TM and solubilization of TM proteins, were performed on ice or at 4 °C. The results showed that the spot of TM--RCA was in a position identical to that of some other protein having a molecular weight of ∼320--340 kDa. Only one spot (\<41 kDa) was observed in [Fig. 1C](#fig1){ref-type="fig"}, which may be due to the degradation of RCA during the solubilization of TM proteins. The above result indicates that some RCAs are bound to the TM in rice *in vivo*.

![BN-PAGE and western blot analysis of the TM--RCA from rice leaves. (A) BN-PAGE, (B) second dimension electrophoresis, (C) western blot analysis.](jexboterq122f01_ht){#fig1}

Variation in the amount of TM--RCA in rice leaves without moderate heat stress
------------------------------------------------------------------------------

To examine variations in the amount of RCA on the TM without moderate heat stress, the TM--RCA in rice leaves was first examined at different developmental stages and under various environmental conditions using western blots with a specific antibody against RCA from tobacco. Consistent with previous reports ([@bib42]), two bands of 41 kDa and 45 kDa were detected in rice leaves ([Figs 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}), and rice was dominated by the smaller isoform in the total protein extract. Importantly, variations in TM--RCA were observed among all the cases analysed ([Figs 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}), but the TM--RCA seemed to be composed more of the larger isoform.

![Changes in the amount of Rubisco, total RCA, and TM--RCA in rice leaves at different leaf ages (A) and leaf positions (B). 1w, 2w, and 4w represent 1-, 2-, and 4-week-old flag leaves, respectively, while 1^st^, 2^nd^, and 3^rd^ represent the first (flag, 4-week-old) leaf, second leaf (∼6-week-old), and third leaf (∼8-week-old) (counted from the top of the plant), respectively. RCA amounts are all expressed on a leaf area basis. Each value is the mean of more than three independent experiments with the SE expressed as a vertical bar. The amount of total RCA (∼2.93 μg cm^−2^) and TM--RCA (∼0.58 μg cm^−2^) in 4-week-old flag leaves in the day was defined as 100%, respectively.](jexboterq122f02_ht){#fig2}

![Changes in the amount of Rubisco, total RCA, and TM--RCA of rice leaves collected at different times of the day (A), treated with high CO~2~ and low light (B), and in *Δlut* (C). Day and Night represent the rice leaves collected in the daytime and at night. LH represents the rice leaves treated with high CO~2~ and low light. Four-week-old flag leaves at the filling stage were used in this figure.](jexboterq122f03_ht){#fig3}

The amounts of Rubisco in 1-, 2-, 6-, and 8-week-old leaves were ∼57, 105, 93, and 70% of that in 4-week-old leaves (∼0.24 mg cm^−2^), respectively. The amounts of total RCA in 1- and 8-week-old leaves were only ∼60% of that in 4-week-old leaves (∼2.93 μg cm^−2^), and there was a slight difference detected in other leaves; the amounts of TM--RCA in 1-, 2-, 6-, and 8-week-old leaves were ∼33, 113, 49, and 24% of that in 4-week-old leaves (∼0.58 μg cm^−2^), respectively; and the proportions of RCA in 1-, 2-, 6-, and 8-week-old leaves were 48, 116, 49, and 37% of that in 4-week-old leaves (∼20% of total RCA), respectively ([Fig. 2](#fig2){ref-type="fig"}). It seems that the proportions of TM--RCA were higher in the leaves that showed more Rubisco and total RCA contents. In addition, the ratio of smaller to larger isoforms of TM--RCA was higher in 1- and 2-week-old leaves compared with that in leaves \>4 weeks old.

In contrast, changes in Rubisco and total RCA are different from the change in the proportion of TM--RCA under different environmental conditions ([Fig. 3](#fig3){ref-type="fig"}). The amounts of Rubisco and total RCA in the flag leaves in the daytime were slightly higher than those at night, but the amount of TM--RCA and its proportion at night were notably higher than those in the daytime ([Fig. 3A](#fig3){ref-type="fig"}). The treatment with high CO~2~ (1000 μmol mol^−1^) and very low light intensity (30 μmol m^−2^ s^−1^) led to a slight change in Rubisco and a decrease in total RCA while the amount of TM--RCA and its proportion were much higher compared with the control ([Fig. 3B](#fig3){ref-type="fig"}).

Additionally, TM--RCA and its proportion as well as total RCA increased in a rice mutant (*Δlut*), while Rubisco decreased a lot. Moreover, the ratio of smaller to larger isoforms of TM--RCA was higher in *Δlut* than in the control ([Fig. 3C](#fig3){ref-type="fig"}).

It seems that there is no direct influence of Rubisco and total RCA contents on the variation of the proportion of TM--RCA.

Correlation of gas exchange and Chl content with TM--RCA
--------------------------------------------------------

To elucidate the possible physiological role of TM--RCA in photosynthesis, the linkage between RCA localization and net photosynthetic parameters, that is leaf Pn, *V*~cmax~, *J*~max~, and Chl content was examined. A higher proportion of TM--RCA showed a higher Pn in all leaves at different developmental stages ([Table 1](#tbl1){ref-type="table"}). However, the proportion of TM--RCA was higher while the Pn was much lower (∼2.6 μmol m^−2^ s^−1^, measured at 1000 μmol CO~2~ mol^−1^ and 30 μmol photons m^−2^ s^−1^) in leaves treated with high CO~2~ and low light intensity ([Fig. 3B](#fig3){ref-type="fig"}). Moreover, the higher proportion of TM--RCA was also observed at night ([Fig. 3A](#fig3){ref-type="fig"}) while the Pn was less than zero. Except for the case of *Δlut*, a higher proportion of TM--RCA was also linked to a higher *V*~cmax~ and *J*~max~ ([Table 1](#tbl1){ref-type="table"}).

###### 

Pn, *V*~cmax~, *J*~max~, and Chl content in rice leaves

                                           Pn (μmol m^−2^ s^−1^)   *V*~cmax~ (μmol m^−2^ s^−1^)   *J*~max~ (μmol m^−2^ s^−1^)   Chl (mg dm^−2^)
  --------------------- ------------------ ----------------------- ------------------------------ ----------------------------- -----------------
  Leaf age (position)   1 week             10.8±0.4 a              95.2±6.7 a,b                   142.0±8.1 b                   1.55±0.27 a
                        2 weeks            15.4±0.7 b              129.3±5.7 c                    174.7±4.6 c                   3.26±0.17 b
                        4 weeks (first)    15.7±0.6 b              126.3±4.1 c                    171.7±5.0 c                   4.33±0.11 c
                        6 weeks (second)   12.6±0.7 a,b            83.8±6.4 a                     111.3±7.0 a                   4.07±0.40 c
                        8 weeks (third)    10.4±0.8 a              80.3±4.5 a                     110.8±5.7 a                   2.77±0.11 b
  Genotype              Wild type          15.2±0.9 b              88.2±2.2 b                     134.5±5.2 b                   4.33±0.10 b
                        *Δlut*             11.4±1.4 a              57.4±3.4 a                     89.0±5.4 a                    2.24±0.10 a

Leaf Pn measurements were made at their growth light intensity (500 μmol photons m^−2^ s^−1^) and CO~2~ concentration (380 μmol CO~2~ mol^−1^). *V*~cmax~ and *J*~max~ were calculated from the data of the photosynthetic response to CO~2~ measured at 1200 μmol photons m^−2^ s^−1^. Each value is the mean±SE of 6--7 leaves. Different lower case letters indicate significant (*P* \<0.05) differences between the compared values.

In contrast to the changes in proportions of TM--RCA, the results of Chl measurement showed that Chl contents were higher in 4- and 6-week-old leaves (∼4.3 mg dm^−2^) than in 1-, 2-, and 8-week-old leaves. The Chl content was decreased by ∼48% in *Δlut* while the proportion of TM--RCA was increased ([Table 1](#tbl1){ref-type="table"}).

The results of correlation analysis showed that there was no significant correlation among gas exchange, Chl content, and proportion of TM--RCA ([Fig. 5A](#fig5){ref-type="fig"}).

Increase in the proportion of TM--RCA at a lower initial/total Rubisco activity ratio
-------------------------------------------------------------------------------------

Total and initial Rubisco activities were measured to explore the relationship of Rubisco activity to the proportion of TM--RCA *in vivo*. The results in [Table 2](#tbl2){ref-type="table"} show that the change in Rubisco total activity was different from that in the proportion of TM--RCA. Similar to the proportion of TM--RCA, total activities in 2- and 4-week-old leaves (∼0.06 μmol O~2~ mg^−1^ protein min^−1^) were higher than those in 1-, 6-, and 8-week-old leaves. However, changes of total activities under different environment conditions and in *Δlut* were not consistent with those of the proportions of TM--RCA. Compared with their control, total activities in the leaves at night, in leaves treated with high CO~2~ and low light, and in *Δlut* decreased by only 7.9, 6.3, and 50%, respectively.

###### 

Rubisco activity, the initial/total activity ratio, and the TM--RCA/total RCA ratio in rice leaves

                                                 Total activity (μmol mg^−1^ min^−1^)   Initial activity (μmol mg^−1^ min^−1^)   Initial/total activity (%)   TM--RCA/total RCA (%)
  --------------------------- ------------------ -------------------------------------- ---------------------------------------- ---------------------------- -----------------------
  Leaf age (position)         1 week             0.021±0.002 a                          0.019±0.003 a                            90.1±1.3 b                   11.3±2.6 b
  2 weeks                     0.059±0.008 c      0.038±0.007 b                          63.8±2.5 a                               20.4±2.0 c                   
                              4 weeks (first)    0.063±0.006 c                          0.048±0.005 b                            75.9±4.3 a                   20.0±1.2 c
                              6 weeks (second)   0.049±0.001 b                          0.047±0.003 b                            95.1±1.9 c                   9.7±1.0 b
                              8 weeks (third)    0.019±0.003 a                          0.018±0.004 a                            99.6±2.5 c                   7.5±1.7 a
  Time of day                 Day                0.063±0.006                            0.048±0.005 b                            75.9±4.3 b                   20.0±0.6 a
                              Night              0.058±0.005                            0.017±0.009 a                            29.8±9.8 a                   30.6±1.2 b
  CO~2~ and light treatment   Control            0.063±0.006                            0.048±0.006 b                            75.9±4.3 b                   20.0±0.9 a
                              LH                 0.059±0.009                            0.011±0.003 a                            19.8±1.4 a                   49.5±2.5 b
  Genotype                    Wild type          0.063±0.002 b                          0.048±0.002 b                            75.9±0.9 b                   20.0±1.2 a
                              *Δlut*             0.027±0.002 a                          0.015±0.001 a                            56.8±1.9 a                   25.4±0.9 b

The Rubisco activity was expressed as its oxygenase activity (μmol O~2~ mg^−1^ total protein min^−1^) measured by a Clarke-type O~2~ electrode, and the rice leaves were collected at the heading stage. LH, rice was treated under high CO~2~ (1000 μmol mol^−1^) and very low light (30 μmol m^−2^ s^−1^) for ∼12 h and each value (±SE) is the average of 3--4 measurements. Different lower case letters indicate significant (*P* \<0.05) differences between the compared values.

Unlike the change in the proportion of TM--RCA, initial activities of Rubisco in 4- and 6-week-old leaves (∼0.048 μmol O~2~ mg^−1^ protein min^−1^) were higher than those in 1-, 2-, and 8-week-old leaves, respectively. Initial activity in the leaves at night, in leaves treated with high CO~2~ and low light, and in *Δlut* were only ∼35, 25, and 42% of those of their control, respectively ([Table 2](#tbl2){ref-type="table"}).

Interestingly, it was found that leaves with a higher proportion of TM--RCA had a lower initial/total Rubisco activity ratio. As shown in [Table 2](#tbl2){ref-type="table"}, a decrease in the initial/total Rubisco activity ratio was closely linked to an increase in the proportion of TM--RCA. When rice plants were treated with high CO~2~ and low light, the proportion of TM--RCA increased greatly while the initial/total Rubisco activity ratio decreased from ∼75% to 20% ([Table 2](#tbl2){ref-type="table"}). Moreover, the results of correlation analysis showed that the correlation of the proportion of TM--RCA to the initial/total Rubisco activity ratio reached a significant level (the Pearson correlation coefficients was --0.958; [Fig. 5B](#fig5){ref-type="fig"}).

Increase in the proportion of TM--RCA at the lower level of NPQ and ms-DLE
--------------------------------------------------------------------------

To explore the role of electron transport in changes of TM--RCA, some Chl fluorescence parameters of photosynthetic electron transport were measured. The results in [Table 3](#tbl3){ref-type="table"} showed that there was no significant difference in *F*~v~/*F*~m~ among the different rice leaves mentioned above. Φ~PSII~ represents the effective photochemical efficiency of PSII, which is related to the rate of linear electron transport ([@bib12]; [@bib26]), and the initial rate of dark reduction of P700^+^ (P700^+^) after termination of far-red illumination reflects the rate of cyclic electron flow around PSI ([@bib25]; [@bib15]). Φ~PSII~ and P700^+^ in mature (2- and 4-week-old) leaves increased while TM--RCA proportions also increased compared with those in young and old leaves. A similar result was also observed in the leaves of rice treated with high CO~2~ and low light ([Table 3](#tbl3){ref-type="table"}). However, the proportion of TM--RCA increased at night ([Fig. 3A](#fig3){ref-type="fig"}) when no non-cyclic electron flow exists, and the proportion of TM--RCA increased in *Δlut* while the P700^+^ decreased by \>60%.

###### 

Chl fluorescence parameters *F*~v~/*F*~m~, Φ~PSII~, NPQ, and the initial rate of P700^+^ reduction in rice leaves

                                                    *F*~v~/*F*~m~   Φ~PSII~         NPQ           P700^+^ (s^−1^)
  --------------------------- --------------------- --------------- --------------- ------------- -----------------
  Leaf age (position)         1 week                0.813±0.002     0.40±0.01 b,c   1.95±0.05 c   0.80±0.06 a
                              2 weeks               0.813±0.002     0.45±0.01 c     1.44±0.09 a   1.23±0.08 c
                              4 weeks (first)       0.806±0.002     0.43±0.01 c     1.60±0.06 a   1.06±0.08 b
                              6 weeks (second)      0.811±0.002     0.37±0.03 b     1.79±0.07 b   0.78±0.08 a
                              8 weeks (third)       0.808±0.002     0.29±0.01 a     2.02±0.05 c   ND
  CO~2~ and light treatment   Control (4 weeks)     0.806±0.002     0.43±0.01 a     1.60±0.06 b   0.94±0.08 a
                              LH                    0.812±0.002     0.66±0.01 b     0.21±0.10 a   1.72±0.12 b
  Genotype                    Wild type (4 weeks)   0.806±0.001 b   0.43±0.01       1.60±0.06 b   1.06±0.08 b
                              *Δlut*                0.711±0.024 a   0.39±0.02       0.72±0.09 a   0.41±0.07 a

Each value (±SE) is the average of 4--6 measurements. Different lower case letters indicate significant (*P* \<0.05) differences between the compared values.

ND, not determined.

The intensity of ms-DLE in mature (2- and 4-week-old) leaves was ∼50% and 60% lower than that in young (1-week-old leaves) and old (\>6-week-old) leaves, respectively ([Fig. 4A, B](#fig4){ref-type="fig"}). Moreover, the intensity of ms-DLE in leaves treated with high CO~2~ and low light decreased to ∼26% of that of control ([Fig. 4C](#fig4){ref-type="fig"}). The change in NPQ was almost the same as that in ms-DLE ([Table 3](#tbl3){ref-type="table"}). The correlation coefficients of the proportion of TM--RCA to ms-DLE and NPQ were --0.895 and --0.947, respectively ([Fig. 5C](#fig5){ref-type="fig"}).

![The intensity of ms-DLE of rice leaves at different leaf ages (A), leaf positions (B), and treated with high CO~2~ and low light (C). ms-DLE was measured as described in the Materials and methods, and measurements were made at the heading and filling stages. 1w, 2w, 4w, 1^st^, 2^nd^, 3^rd^, and LH are as defined in the legends of [Figs 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}.](jexboterq122f04_lw){#fig4}

![Correlation analysis of the TM--RCA/total RCA ratio to photosynthetic parameters (A), Rubisco activity (B), and Chl fluorescence (C). Correlation analysis of the data in [Tables 1--3](#tbl1 tbl2 tbl3){ref-type="table"}, and [Fig.4](#fig4){ref-type="fig"} was performed using the software SPSS 10.0 (SPSS Inc., USA). R: Pearson correlation coefficients (two tailed).](jexboterq122f05_lw){#fig5}

Increase in the amount of TM--RCA during Rubisco activation *in vitro*
----------------------------------------------------------------------

To explore further the relationship between TM--RCA and Rubisco activation, TM--RCA was quantified when RCA was incubated with the TM and Rubisco deactivated by excessive RuBP in a CO~2~-free assay. The results showed that the amount of TM--RCA was significantly higher in the assay with the deactivated Rubisco than in the control ([Fig. 6A](#fig6){ref-type="fig"}).

![The binding of RCA to the TM during activation of Rubisco from different species by rice RCA. A thylakoid sample containing 1--2 μg of Chl was loaded in each line. (A) RCA and TMs from rice leaves were incubated with activated (--RuBP) and deactivated (+RuBP) Rubisco from rice leaves in an assay system containing 1 mM ATP. (B) RCA and TMs from rice were incubated with deactivated Rubisco (+RuBP) from non-Solanaceae plants (rice and spinach) and Solanaceae plants (tobacco and chili pepper). R, S, T, and C represent Rubisco from rice, spinach, tobacco, and chili pepper, respectively.](jexboterq122f06_ht){#fig6}

The amount of TM--RCA after incubation of rice RCA and TM with deactivated Rubisco from rice, spinach, tobacco, and chili pepper was also quantified. The result showed that TM--RCA was increased in the presence of the Rubisco from rice and spinach but not that from tobacco and chili pepper ([Fig. 6B](#fig6){ref-type="fig"}).

A decrease in the amount of TM--RCA induced by higher ATP and alkaline pH *in vitro*
------------------------------------------------------------------------------------

The above results showed that Rubisco activation leads to an increase in TM--RCA. Therefore, TM--RCA during Rubisco activation at different ATP levels and pH values was also examined. The results showed that TM--RCA increased when ATP increased from 0 mM to 1 mM, then it decreased when ATP increased from 1 mM to 5 mM ([Fig. 7A](#fig7){ref-type="fig"}). Similarly, TM--RCA increased when the pH was adjusted from 7 to 7.5, then it decreased when the pH was adjusted from 7.5 to 8.0 ([Fig. 7B](#fig7){ref-type="fig"}). It seems that the binding of RCA to the TM during Rubisco activation is reversible.

![Effects of ATP level or pH on the amount of RCA on the TM *in vitro*. RCA and TMs were incubated with Rubisco (+RuBP) in the assay at different ATP levels (A) and different pH values (B) at 25 °C for 20 min. TMs from fresh rice leaves incubated at different ATP levels (C) or different pH values (D) at 25 °C for 20 min. The amount of TM--RCA was detected by western blot.](jexboterq122f07_ht){#fig7}

After the incubation of TM from fresh rice leaves at different levels of ATP and different pH values, the TM--RCA was quantified. The results showed that the amount of TM--RCA gradually increased and reached a maximum at 1--2 mM ATP, but it decreased when ATP exceeded 2 mM ([Fig. 7C](#fig7){ref-type="fig"}). Furthermore, the amount of TM--RCA was maximal at pH 7.0, while it was minimal at pH 8.0 in the range of pH 6.5--8.0 ([Fig. 7D](#fig7){ref-type="fig"}). It seems that the dissociation of RCA from the TM is ATP and pH dependent.

Reversible change in the fluorescence emission spectra of ANS binding to RCA during Rubisco activation at different ATP levels
------------------------------------------------------------------------------------------------------------------------------

ANS has a low fluorescence intensity in aqueous solution; however, an increase in fluorescence intensity can be observed upon binding to accessible hydrophobic regions of proteins ([@bib28]). The change in the fluorescence of ANS binding to protein offers a probe to detect the effects of a conformational alteration in RCA on its reversible association with the TM.

The fluorescence of ANS binding to protein was examined during Rubisco activation in the presence of 2 mM or 25 μM RuBP. The results showed that the fluorescence intensity of ANS binding to Rubisco and RCA increased dramatically when ATP was increased from 0 nm to 1 nm and 4 mM in the presence an excess of RuBP (2 mM) ([Fig. 8A](#fig8){ref-type="fig"}). The change in fluorescence intensity was mainly from the ANS binding to RCA, since Rubisco remains inactive in the presence of excessive RuBP, and there were almost no changes in fluorescence of ANS binding to Rubisco and RCA at different ATP levels (data not shown). Therefore, the above result indicated the enhanced structural alteration in RCA by the accelerated Rubisco activation at the higher ATP level. In contrast, in the presence of a low RuBP concentration (25 μM), the fluorescence intensity of ANS binding to protein was decreased when ATP was increased ([Fig. 8B](#fig8){ref-type="fig"}). Since small amounts of RuBP (25 μM) would be used up and Rubisco could be maintained in an activated state in the assay, the increase in fluorescence intensity of the ANS binding RCA induced by Rubisco activation is similar between different assays. Thus, the result in [Fig. 8B](#fig8){ref-type="fig"} showed that the change in fluorescence intensity was determined by the recovery state of the RCA conformation. The above results indicate that the conformational alteration of RCA induced by activation is reversible at higher ATP concentrations.

![Effects of ATP on the fluorescence of ANS binding to RCA during Rubisco activation. The mixture of Rubisco and RCA in the presence of 2 mM (A) and 25 μM RuBP (B) was incubated with 0, 1, and 4 mM ATP at room temperature for 30 min, then ANS was added and the fluorescence intensity was measured after 15 min in the dark according to the method described in the Materials and methods. The numbers in the figure indicate the ATP concentration (mM).](jexboterq122f08_lw){#fig8}

Similarly, an additional experiment showed that the conformational alteration of RCA induced by moderate heat stress is also reversible, as shown by the fluorescence emission spectra of ANS binding to RCA at a different level of ATP and different pH ([Supplementary Fig. S3](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1) at *JXB* online).

Discussion
==========

The increase in TM--RCA is a universal phenomenon and it is not limited to moderate heat stress
-----------------------------------------------------------------------------------------------

It has been reported previously that RCA was observed on the TM, and its amount increased under moderate heat stress of 42 °C ([@bib34]; [@bib50]; [@bib11]). Consistent with these results, the existence of TM--RCA was also observed in rice leaves without moderate heat stress ([Figs 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}). The present results also showed that increases in TM--RCA *in vivo* were observed in rice leaves under different environment conditions, at different developmental stages, and in the mutant *Δlut* without moderate heat stress. Moreover, TM--RCA increased in leaves not only *in vivo* ([Figs 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}) but also in the process of Rubisco activation by RCA *in vitro* ([Fig. 6](#fig6){ref-type="fig"}). Obviously, this means that the increase in TM--RCA is a universal phenomenon which is not limited to heat stress.

[@bib37] suggested that RCA in the TM fraction is the result of self-aggregation of thermally denatured RCA. However, in contrast to the thermally denatured RCA, the RCA washed out from the TM can activate Rubisco ([Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1) at *JXB* online). This indicates that RCA in the TM fraction without heat stress may be different from that under heat stress. It has been reported that no aggregation of RCA was observed in chloroplasts of spinach and tobacco plants incubated at the growth temperature, and the smaller isoform aggregated first under heat treatment because of its sensitivity to high temperature ([@bib8]; [@bib37]). In the experiments described here, the preparation of TM was always performed on ice or at 4 °C, and more of the larger isoform was detected in TM--RCA ([Figs 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}). This means that TM--RCA is not mainly due to the aggregation of RCA. Moreover, the results from BN-PAGE ([Fig. 1](#fig1){ref-type="fig"}) imply that the association of some RCA with the TM occurs. Additionally, [@bib37] had reported that no unfolding/aggregation of tobacco RCA was observed at 35 °C in the presence of 0.75 mM ATP *in vitro*. Thus, it seems that the increased in TM--RCA during Rubisco activation *in vitro* ([Fig. 6](#fig6){ref-type="fig"}) is also not due to the aggregation of RCA.

Reversible association of RCA with the TM is related to the ATP level and pH
----------------------------------------------------------------------------

It has been proposed that RCA is likely to act as a chaperone protecting the thylakoid-associated protein synthesis machinery against heat inactivation under heat stress ([@bib34]). However, [@bib37] suggested that non-specific binding to the TM may stabilize RCA during periods of heat stress and promote self-aggregation of RCA. The increase in TM--RCA under conditions without heat stress in the present experiments indicates that TM--RCA may have other unrecognized functions besides protection.

A strong negative correlation between the proportion of TM--RCA and the Rubisco activation state indicates that TM--RCA may be related to light activation of Rubisco *in vivo* ([Fig. 5B](#fig5){ref-type="fig"}). Similar results were also observed in some previous publications under moderate heat stress ([@bib50]; [@bib11]). The slow phase of ms-DLE reflects the state of ΔpH and the related photophosphorylation ([@bib49]; [@bib23]), and NPQ is induced by the formation of ΔpH across the TM ([@bib21]). Moreover, it is reported that ΔpH appears necessary for maximum light activation of Rubisco ([@bib4]), and [@bib24] also suggested that a high NPQ is generally associated with a high activation state of Rubisco *in vivo*. Thus, the above deduction is also supported by the increase in TM--RCA at low ΔpH as shown by changes in ms-DLE and NPQ ([Fig. 5C](#fig5){ref-type="fig"}).

Since the ΔpH is utilized to synthesize ATP in the chloroplast, the requirement for ΔpH in light activation of Rubisco appeared to be identical to the requirement for ATP and alkaline pH ([@bib41]). Therefore, the negative correlation of TM--RCA with the ΔpH as shown by the changes of ms-DLE and NPQ ([Fig. 5C](#fig5){ref-type="fig"}) indicates that TM--RCA is related to the level ATP and pH *in vivo*.

Furthermore, the results also showed that the reversible association of RCA is ATP and pH dependent *in vitro*. On the one hand, the association of soluble RCA with the TM without heat stress seems to be a result of Rubisco activation by RCA. It is supported by the finding of a considerable increase in TM--RCA when deactivated Rubisco was activated by RCA ([Fig. 6A](#fig6){ref-type="fig"}). Similarly, it is also supported by the increase in TM--RCA only when deactivated Rubisco from rice and spinach (non-Solanaceous species) is included in the assay ([Fig. 6B](#fig6){ref-type="fig"}), since Rubisco from tobacco and chili pepper (Solanaceous family plants) cannot be activated by RCA from non-Solanaceous species ([@bib47]). The results also showed that the change in RCA conformation during Rubisco activation ([Fig. 8A](#fig8){ref-type="fig"}) was similar to that in RCA treated by moderate heat stress ([Supplementary Fig. S3](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1) at *JXB* online), and [@bib34] suggested that the first step of the association of RCA with the TM is the structural changes of RCA induced by heat treatment. In addition, the above deduction is also consistent with the model described by [@bib30]; the RCA-ADP resulting from Rubisco activation has no activity until ADP is replaced by ATP. TM--RCA also had no Rubisco-activating activity in the presence of 1 mM ATP until it was washed from the TM (data not shown).

On the other hand, binding of RCA to the TM during Rubisco activation is reversible. Although the RCA cannot be washed from the TM even at 2 M NaCl (NaBr) or 1% Triton X-100 ([@bib34]), the higher ATP and alkaline pH could induce the dissociation of TM--RCA *in vitro* ([Fig. 7C, D](#fig7){ref-type="fig"}), consistent with the finding that the activity of RCA disengaged from the TM is ATP and pH dependent ([Supplementary Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1) at *JXB* online). Furthermore, the results of the present study also showed that a reversible conformational change of RCA induced by Rubisco activation or heat stress depends on the level of ATP and the pH in the assay ([Fig. 8](#fig8){ref-type="fig"}, [Supplementary Fig. S3](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1)).

Consequently, the amount of TM--RCA seems to be the result of reversible association of RCA with the TM, which is related to the ATP level and the pH. Since TM--RCA is not the active form of RCA, this is the reason why the proportion of TM--RCA is negatively related to the activation state of Rubisco *in vivo*.

A potential new role for TM--RCA in Rubisco activation
------------------------------------------------------

[@bib30] proposed a model whereby inactive Rubisco is surrounded by 16 (or eight) RCA subunits forming a Rubisco--RCA complex with a ring structure. In this model, ATP hydrolysis and Pi release in this complex cause conformational changes in the ring structure, resulting in activation of inactive Rubisco and the dissociation of the Rubisco--RCA (ring structure). When ADP in RCA-ADP is subsequently replaced by ATP, a new round of RCA oligomerization and binding of RCA to Rubisco begins. In the present study, TM--RCA increased during Rubisco activation ([Fig. 6](#fig6){ref-type="fig"}), suggesting that the dissociated RCA from the Rubisco--RCA complex might associate with the TM. The experiments also showed that the dissociation of the RCA polymer from the TM depends upon a high ATP level and alkaline pH in the stroma ([Fig. 7](#fig7){ref-type="fig"}). This process of Rubisco activation including TM--RCA is summarized in a new model ([Fig. 9](#fig9){ref-type="fig"}).

![Hypothetical model of Rubisco activation by reversible association of RCA with the TM. In the chloroplast stroma, inactive Rubisco (due to binding inhibition or another reason) is surrounded by RCA in a ring structure (RCA~n~, *n*=16 or *n*=8). ATP hydrolysis in the RCA--Rubisco supercomplex releases Pi and causes conformational changes in the Rubisco and RCA ring structure, resulting in activation of inactive Rubisco. Then some of the dissociated RCAs from the complex bind to the TM. Subsequently, the TM--RCA complex leaves the TM at higher ATP concentrations and alkaline pH, and forms the ring structure again on Rubisco (based on the work of [@bib30]).](jexboterq122f09_ht){#fig9}

In the present experiment *in vivo*, there is more of the smaller isoform in total RCA, but more of the larger isoform on the TM ([Figs 2](#fig2){ref-type="fig"}, [3](#fig3){ref-type="fig"}). Previous experiments suggested that the smaller RCA isoform bound to the TM first ([@bib34]). This leads to a hypothesis that the binding of the smaller isoform of RCA to the TM precedes its redox regulation by the larger isoform. This hypothesis is consistent with the observation that in a rice mutant (*Δlut*), where the cyclic electron transport around PSI ([Table 3](#tbl3){ref-type="table"}) and correspondingly the redox state of the larger isoform of RCA are severely influenced, there is more of the smaller isoform of RCA bound to the TM ([Fig. 3](#fig3){ref-type="fig"}). Certainly, more experimental evidence is needed to test this hypothesis.

Supplementary data
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[Supplementary data](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1) are available at *JXB* online.

**[Fig. S1](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1).** Western blot analysis of total and TM--RCA from 4-week-old rice leaves.

**[Fig. S2](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1).** The activity of RCA dissociated from the TM under different ATP levels and pH *in vitro*.

**[Fig. S3](http://jxb.oxfordjournals.org/cgi/content/full/erq122/DC1).** Effects of different ATP levels and pH on the fluorescence intensity of ANS binding to heat-treated RCA.

Supplementary Material
======================

###### \[Supplementary Data\]

This work was supported by National Basic Research Program of China (grant no. 2009CB118504) and the Chinese Academy of Sciences (grant nos KZCX2-YW-N-59 and KZCX3-SW-440). We also thank Professors Archie R Portis Jr, Ji-Rong Huang, Xin-Guang Zhu, and Kang-Cheng Ruan for their kind revision and critical comments.

ANS

:   1-anilinonaphthalene-8-sulphonic acid

BN

:   blue native

NPQ

:   non-photochemical quenching

ΔpH

:   pH gradient across the thylakoid membrane

RCA

:   Rubisco activase

Rubisco

:   ribulose-1, 5-bisphosphate carboxylase/oxygenase

RuBP

:   ribulose-1, 5-bisphosphate

TM

:   thylakoid membrane
